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ABSTRACT
The black holes (BH) in merging BH-BH binaries are likely progeny of binary
O stars. Their properties, including their spins, will be strongly influenced by the
evolution of their progenitor O stars. The remarkable observation that many single
O stars spin very rapidly can be explained if they accreted angular momentum from
a mass-transferring, O-type or Wolf-Rayet companion before that star blew up as
a supernova. To test this prediction, we have measured the spin rates of eight O
stars in Wolf-Rayet (WR) + O binaries, increasing the total sample size of such O
stars’ measured spins from two to ten. Polarimetric and other determinations of these
systems’ sin i allow us to determine an average equatorial rotation velocity from HeI
(HeII) lines of ve = 348 (173) km/s for these O stars, with individual star’s ve from
HeI (HeII) lines ranging from 482 (237) to 290 (91) km/s. We argue that the ∼ 100%
difference between HeI and HeII speeds is due to gravity darkening. Super-synchronous
spins, now observed in all 10 O stars in WR + O binaries where it has been measured,
are strong observational evidence that Roche lobe overflow mass transfer from a WR
progenitor companion has played a critical role in the evolution of WR+OB binaries.
While theory predicts that this mass transfer rapidly spins-up the O-type mass gainer
to a nearly break-up rotational velocity ve ∼ 530 km/s, the observed average ve of
the O-type stars in our sample is 65% that speed. This demonstrates that, even over
the relatively short WR-phase timescale, tidal and/or other effects causing rotational
spin-down must be efficient. A challenge to tidal synchronization theory is that the two
longest-period binaries in our sample (with periods of 29.7 and 78.5 days) unexpectedly
display super-synchronous rotation.
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1 INTRODUCTION
When massive stars rotate sufficiently rapidly (i.e. with
equatorial velocities > 200-300 km/s) their rotation fun-
damentally influences their evolution (Maeder & Meynet
2000; Heger & Langer 2000; Hirschi, Meynet, & Maeder
2004; Yoon & Langer 2005; Brott et al. 2011; Ekstro¨m et al.
2012). Rapid rotation may critically affect the final collapse
of a massive star, leading to ultra-luminous supernovae and
long-duration gamma-ray bursts (Woosley & Heger 2006;
Georgy et al. 2009). Many O-stars and their progeny, the
⋆ E-mail: mshara@amnh.org
Wolf-Rayet (WR) stars, are found in binary systems. Merg-
ing binary black holes (Abbott et al. 2016) that were
generated in WR + O binaries may have spins deter-
mined by the evolution of the binary components. Those
spins will be measurable with Advanced LIGO and Virgo
(Pu¨rrer, Hannam, & Ohme 2016).
The theoretically-predicted importance of rotation has
motivated several observational studies to measure the dis-
tribution of rotational velocities of massive stars. Galac-
tic massive stars’ rotation is studied in Penny (1996);
Howarth et al. (1997); Vanbeveren et al. (1998a), while the
VLT Tarantula survey examined similar stars in the LMC
(Dufton et al. 2013; Ramı´rez-Agudelo et al. 2013). All of
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these studies reached a similar conclusion: the distribution
for both the early B-type stars and O-type stars is bi-
modal. The majority of these stars are relatively slow ro-
tators with an average equatorial velocity ve ∼100 km/s,
while a smaller, but significant fraction of them are rapid
rotators with ve > 200 km/s, reaching up to 500-600 km/s.
The early Be-type stars obviously belong to the early B-type
high velocity tail.
The Geneva team (Ekstro¨m et al. (2012) and references
therein) attempted to determine the average equatorial ve-
locity < ve > of massive single stars at birth under the as-
sumption that the overall bimodal distribution, noted above,
is the norm for massive single stars in general. They con-
cluded that < ve >∼300 km/s. This has been the value used
in most of the massive single star evolutionary calculations
published by the Geneva team in the last 15 years.
1.1 Binaries
However, it was argued decades ago that a significant frac-
tion of all massive stars are close binary components (for
extended reviews see van den Heuvel (1993); Vanbeveren
(1998b); Vanbeveren et al. (1998a)), and that a significant
fraction of the rapid rotators may have a binary origin. Since
1998 several extensive observational campaigns have con-
firmed that most (and perhaps all) massive stars are born in
close binaries (Mason et al. 1998, 2009; Sana & Evans 2011;
Sana et al. 2013). The suggestion that “many rapid rota-
tors have a binary origin” has become more and more plau-
sible. A theoretical study by de Mink et al. (2013), which
used overall population synthesis tools and included bina-
ries, successfully reproduces the observed distribution of ro-
tation rates of massive stars.
Vanbeveren, De Loore, & Van Rensbergen (1998c)
posed the questions of whether the WR components in
WR+OB binaries formed by stellar wind mass loss, or by
binary mass loss processes (Roche Lobe Overflow -RLOF
- or Common Envelope -CE), and if RLOF happened in
WR+OB binary progenitors, was it accompanied by mass
transfer and mass accretion? When primaries exceed ∼
40-50 M⊙ they may lose a significant fraction of their
initial masses via stellar winds, greatly increasing the
binary period. The existence of WR + O binaries with
periods of days can only come about via RLOF or CE
phases. The progenitor of a WR+OB binary, where the
OB star has luminosity class V, or where the O component
is an early O-type star, most likely underwent RLOF
and mass transfer, causing the rejuvenation of the gainer
(Vanbeveren, De Loore, & Van Rensbergen 1998c).
Rapid rotation in close binaries can arise during Roche
lobe overflow (RLOF) when mass lost by the mass donor
is accreted by the mass gainer (Vanbeveren 1998b). Mass
accretion is accompanied by angular momentum accretion,
hence, in this scenario, the mass gainer spins up and becomes
a rapid rotator (Packet 1981). When the mass donor ends its
life with an asymmetric supernova explosion, the binary may
be disrupted. This binary supernova scenario successfully
predicts that the escaped component (the mass gainer) will
be a rapidly rotating single runaway star (defined as a star
with peculiar space velocities > 30 km/s (Blaauw 1961)).
Most of the known massive runaway stars are rapid rotators,
with ζ Pup being the prototype (Vanbeveren 2012). ζ Pup
displays spectral class O4 I(n)fp (Sota et al. 2014). While
uncertainties in its distance (Ma´ız Apella´niz, Alfaro, & Sota
2008; Schilbach & Ro¨ser 2008) translate directly into uncer-
tainties in its radius (14 - 26 R⊙) and mass (22 -56 M⊙),
and hence its critical rotation speed (550 -640 km/s) , its ob-
served ve sin(i) of 220 km/s (Vanbeveren 2012) is ∼ 35−40%
of its critical rotation speed.
1.2 Testing a prediction of RLOF
The motivation of this and subsequent papers is to test the
prediction of RLOF-driven spin-up in massive, Wolf-Rayet
(WR) + O binary stars (Petrovic, Langer, & van der Hucht
2005). Most classical Wolf-Rayet (WR) stars are core helium
burning objects that have lost their hydrogen-rich layers.
This has occurred via stellar wind mass loss, if the WR star
is a single star or in a wide, non-interacting binary, and/or
by RLOF when the WR star is a close-binary component.
O-type companions to WR stars that are spinning super-
synchronously (with ve sin i typically > 100km/s in binaries
with periods shorter than about 10 days) are strongly in-
dicative of RLOF mass and angular momentum accretion
(Vanbeveren 1998b). An example is WR 127, which con-
tains a 23.9 M⊙ O V star and a 13.4 M⊙ WR star in a
9.555 day orbit that is inclined at 55.3 degrees to the line-
of-sight (de La Chevrotie`re, Moffat, & Chene´ 2011). The
Martins, Schaerer, & Hillier (2005) calibration for O-star
radii (their table 1) yields 8.11 R⊙ as the radius of the O
star in WR 127. If the O star were rotating synchronously
it would display a ve sin i of 36 km/s. The observed
value is ∼250 km/s (Massey 1981), which is highly super-
synchronous.
A comprehensive study of the rotational velocities of
the O-type components of WR+O binaries would be a
valuable test of the idea that many rapid rotators have
a binary origin, and have undergone RLOF mass trans-
fer. A literature search reveals that the vesin i value of
the O-type components of WR + O binaries have been
measured for only two systems, and estimated for one
more. In one carefully measured case (V444 Cyg = WR139
(Marchenko, Moffat, & Koenigsberger 1994)), the O-type
component is observed to be a rapid rotator, with ve sin
i = 215 ±13 km/s. In the second measured case (the
brightest and nearest WR+O binary in the sky = WR
11 (Baade, Schmutz, & van Kerkwijk 1990)), the O7.5 giant
displays ve sin i = 220 ±20 km/s. For HD 186943 = WR127
(Massey 1981), the widths of the O stars’ absorption lines
were estimated to correspond to ve sin i ∼ 200 − 250km/s.
ve sin i = 200 - 250 km/s is significantly faster than the ve
corresponding to binary synchronicity in all three systems,
and suggestive, though not conclusive evidence that RLOF
has been important in the systems’ evolution. Despite these
encouraging early works, a systematic, quantitative study of
O-star spins in WR + O binaries, both from a theoretical
and an observational point of view, has not yet been carried
out.
The test of whether O companions in WR+O binaries
are spun up by binary accretion can best be accomplished
by measuring the observational line width parameter v. sin
i of the O component from line broadening of helium lines
(Ramı´rez-Agudelo et al. 2013, 2015). Once this is available
then one wants, ideally, to extract ve, the equatorial rota-
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tion speed of the star. A binary’s sin i may be obtained from
polarimetry, photospheric or atmospheric eclipses, colliding-
wind analysis, by assuming a mass for the O star from its
spectral type if not otherwise known, or from visual binary
orbits (Moffat 2008). If one assumes alignment of the spin
axes of the binary components with the binary axis, then
sin i is also known for the O-star axis. However, this may
not always be a good assumption (e.g. Villar-Sbaffi et al.
(2005, 2006) for CQ Cep and CX Cep, two very-short pe-
riod Galactic WR+O binaries, where the orbital and spin
axes are misaligned). Therefore, one needs a large number
of systems from which one can extract statistical informa-
tion from v. sin i to deduce < ve >. This is precisely the
methodology adopted in studies of rotation speeds of single
field O stars (Ramı´rez-Agudelo et al. 2013), and in studies of
O + O star binaries (Ramı´rez-Agudelo et al. 2015). In this
study we have succeeded in measuring the v. sin i of eight
O stars in WR + O binaries, thereby raising the sample size
with well-measured spin rates from two to ten.
In Section 2 we describe the data and their reductions.
The high resolution spectra of the helium lines of the O stars
we study are presented in Section 3, as well as these stars’
derived rotation rates. In section 4 we discuss the implica-
tions of our results for the overall evolution of rotational
velocities in massive binaries, and we briefly summarize our
results in Section 5.
2 OBSERVATIONS AND DATA REDUCTIONS
2.1 Observations
Observations1 of the target stars were obtained with the
High Resolution Spectrograph (Crause et al. 2014) (HRS) of
the Southern African Large Telescope (SALT). The HRS is a
dual beam, fiber-fed echelle spectrograph. It was used in low
resolution mode with a 2.23” arcsec diameter fiber to provide
a spectrum in the blue arm over the spectral range of 3700-
5500 A˚. All of the spectra have a resolving power R ∼12,700
and signal-to-noise ratio S/N per pixel > 150, designed to
counterbalance the diluting effects of the accompanying WR
spectrum. The observations from the blue arm were read out
by a single amplifier with 1 × 1 binning. All observations
of our target stars were obtained between May and June
2015 with most of the objects observed twice, i.e. once on
each of two separate nights. During this time, a single ThAr
arc and spectral flats were obtained in this mode for the
purposes of calibration. In addition, observations of τ Sco
were obtained on 7 August 2015 to provide a measurement
of a source with a known, low value for ve sin i. Basic CCD
reductions including bias subtractions, gain corrections, and
flat fielding were handled by the ccdproc package (Crawford
2015).
Spectroscopic reductions of the data were carried out
using the pyhrs package (Crawford 2015). The software cre-
ated an order frame from a flat field image that assigned each
pixel in the image to a specific order. Prior to extracting,
each order was corrected for spatial and spectral curvature.
A second order polynomial was fit to the overall shape of the
1 Observations were taken under SALT Proposal Code: 2015-1-
SCI-064.
order, which was then removed. In addition, each row of the
order was corrected for a small offset in the vertical direction
between each of the rows of the order. This offset was well
below the size of the resolution element for the low resolu-
tion mode. To calculate the wavelength solution, a spectrum
was extracted by summing the rows in the order. The resul-
tant spectrum was then passed to the specidentify task
in the PySALT reduction package (Crawford et al 2010) for
wavelength identification and calculation of the wavelength
solution. Next, the target spectrum was extracted from our
observations. The extraction of the order was performed as
described with the final spectrum being a result of a flux-
weighted co-addition of all of the illuminated rows in the or-
der and the wavelength derived from the solution calculated
for that order. As a minimum of two exposures were taken
for each observation, the final step combined the extracted
spectra from these two exposures to produce the final spec-
trum for each star. HRS does have a sky and target fiber,
but as the target fiber only was used in our analysis, all steps
were only performed on the target fiber.
2.2 Resolution of the SALT HRS
The expected FWHM for an unresolved line at λ = 4750 A˚
is ∼ 0.37 A˚, corresponding to a resolving power R ∼12,700,
based on the predicted performance of the HRS spectro-
graph (Crause et al. (2014), Table 2). This corresponds to a
velocity resolution of 24 km/s. As this is one of the first pa-
pers reporting results with the newly commissioned SALT
HRS, and measured line widths are central to our analyses,
we have measured the FWHM of several arc lines close to
the wavelengths of the strongest HeI and HeII O stars’ lines.
An example is given in Figure 1, where an arc line at λ4541
displays a FWHM of 0.30±0.02A˚, better than the predicted
value.
As a further test of our methodology and the resolving
power of HRS, we observed the bright B0.2V star τ Sco =
HD 149438. The most recently measured ve sin i of τ Sco =
4 km/s (Nieva & Przybilla 2012). This extremely low value
of ve sin i demonstrates that the effects of thermal Doppler
broadening, Stark effect, and micro and macro-turbulence
are very small in a star of spectral type nearly identical
to that of our coolest observed O star. Of course, this is
no guarantee that the O stars’ He lines in the O + WR
binaries that we study below do not undergo line broad-
ening from one or more of the above mechanisms. Indeed,
Sundqvist et al. (2013) describe two magnetic O stars with
rotation periods longer than one year, and hence with ve
sin i 6 1 km/s, whose line widths imply ve sin i ∼ 40-
50 km/s. They note that the severe overestimates based
on line widths alone are most likely caused by an insuf-
ficient treatment of microturbulence and macroturbulence,
and that these broadening mechanisms can dominate line
profiles in stars with ve sin i up to ∼ 40-50 km/s.
Due to structure in the outer profiles of each line pre-
venting the lines from being well fit by a single Gaussian,
we measured the FWHM directly for each of the HeIλ4387,
4713, and 4922 lines in τ Sco (see Figure 2). The average
v. sin i from the three lines, using the same methodology
described below for our program stars, was 24 ± 3 km/s.
This observed value is, of course, instrumental, as the HRS
low resolution mode broadens the very narrow lines of τ Sco
c© 0000 RAS, MNRAS 000, 000–000
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to its resolution limit. All of our program stars, discussed
below, display FWHM of He absorption lines that are 10 to
20 times larger than the resolution limit of SALT’s HRS low
resolution mode, corresponding to v. sin i (for HeI lines) that
always exceed 200 km/s. Simulations show that the blending
of the satellite lines seen in Figure 2 with the 4922 line due
to spin speeds in excess of 150 km/s and micro- or macro-
turbulence of 50 km/s cause us to overestimate v. sin i by
less than 15% in all cases.
2.3 Line Analysis
To determine the value for v. sin i for the stars in our
sample, we followed the process as outlined in detail by
Ramı´rez-Agudelo et al. (2013) and Ramı´rez-Agudelo et al.
(2015). This involved measuring the broadening of these
stars’ HeI and HeII lines via the full width at half max-
imum (FWHM). To measure the FWHM of the lines
in our stars, we used the astropy modeling software
(Astropy Collaboration et al. 2013) to fit Gaussian curves
to the HeI λ4922 and/or HeII λ4541 lines (WR30, WR47,
and WR79 only exhibited the HeII λ4541 line). Prior to fit-
ting the Gaussian curve, a low-order polynomial was fit to
the area outside of the line and divided through to normalize
the continuum. Errors for the fits were calculated through
a bootstrap Monte Carlo method of resampling the spectra
using the flux errors and repeating the fit. From the fits, we
determined the FWHM for each of the lines and then con-
verted the values for the FWHM to velocities based on the
relationships in Table 1 of Ramı´rez-Agudelo et al. (2015).
Finally, we directly measured the FWHM of
the He Iλ4471 line for WR 127 from Figure 8 of
de La Chevrotie`re, Moffat, & Chene´ (2011).
3 RESULTS: THE O STARS’ HELIUM LINES
The fit to each of the continuum-divided absorption lines
of HeI and HeII in each of our eight WR + O binaries is
presented in Figures 3 through 10.
Figure 1. A SALT High Resolution Spectrograph arc line close
to the HeII 4541 line. The line’s FWHM is 0.30±0.02A˚. The data
points are in light gray while the model fit is the solid black curve
in this and all following figures.
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Figure 2. The HeI 4922 absorption line of the slowly rotating
star τ Sco on 07 Aug 2015.
In Table 1, we report our measured HeI and HeII
FWHM and velocities for each of eight O stars in WR
+ O binaries, for τ Sco, and for WR 127 from Figure 8
of de La Chevrotie`re, Moffat, & Chene´ (2011). HeI absorp-
tion lines were detected in five O stars by SALT (WR 21,
WR 31, WR 42, WR 97 and WR 113), and in WR 127 by
de La Chevrotie`re, Moffat, & Chene´ (2011), while the HeII
λ4541 line was detected in these same five stars as well as
in WR 30, WR 47 and WR 79.
The smallest FWHMmeasured in any of the target stars
in our sample is 3.62±0.04A˚ (for the HeII λ4541 line) which
corresponds to a v.sin i of 89 ± 11 km/s for WR 21. The
largest FWHM measured is 7.25± 0.05A˚ (for the HeI λ4922
line), which corresponded to a v.sin i of 315 ± 21 km/s for
WR 42. For each star with more than one measurement
of v.sin i, (because of multiple epochs and/or more than
one line measured), we adopt an average value from all its
measurements. The average v. sin i for our sample of eight
O stars with measured HeII lines is 137 km/s. The average
v. sin i for our sample of six O stars with measured HeI lines
is 268 km/s, which is nearly twice as large as the HeII lines’
v. sin i. We return to this large difference below.
These data can now be combined with orbital inclina-
tions gleaned from the literature. In table 2 we present these
data, which yields (by far) the largest ensemble of rotational
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. Measured FWHM and v. sini of τ Sco and O stars in O+WR star binaries
Object Observed HeI λ4471, 4922 FWHM (A˚) HeI ve sin i (km/s) He II λ4541 FWHM (A˚) HeII λ4541 ve sin i (km/s)
WR21 2015-05-08 5.96± 0.23 246 ± 20 3.62± 0.04 89± 11
WR21 2015-05-24 5.24± 0.17 209 ± 16 4.31± 0.03 120 ± 16
WR30 2015-05-08 ... ... 5.46± 0.23 178 ± 27
WR31 2015-05-08 5.37± 0.05 216 ± 15 5.40± 0.05 176 ± 23
WR42 2015-05-08 7.25± 0.05 315 ± 21 4.09± 0.04 109 ± 14
WR42 2015-05-21 ... ... 4.36± 0.05 122 ± 16
WR47 2015-05-21 ... ... 3.65± 0.13 90± 13
WR47 2015-05-22 ... ... 3.54± 0.06 86± 11
WR79 2015-05-08 ... ... 4.34± 0.03 121 ± 16
WR79 2015-05-21 ... ... 4.35± 0.04 121 ± 16
WR79 2015-05-22 ... ... 4.46± 0.06 127 ± 17
WR97 2015-05-12 5.66± 0.12 230 ± 17 4.65± 0.03 136 ± 18
WR97 2015-06-13 6.11± 0.14 254 ± 18 4.96± 0.05 152 ± 20
WR113 2015-05-24 7.16± 0.13 310 ± 22 5.26± 0.07 168 ± 22
WR113 2015-06-07 7.14± 0.14 309 ± 22 5.35± 0.06 172 ± 23
WR127 2004 June-July 7.0± 0.5 300 ± 30 ... ...
τ Sco 2015-05-08 0.30± 0.06 24± 3 ... ...
velocities of O stars in WR + O binaries yet assembled.
The errors in derived ve are dominated by the uncertain-
ties in orbital inclinations. In the final column of Table 2 we
also list the synchronous rotation speeds and critical rota-
tion speeds of the O-stars in each binary, using the already-
measured masses and the spectral type-radius calibration
of Martins, Schaerer, & Hillier (2005). A key result of this
paper is that the average equatorial rotational velocity of
six O stars, measured from HeI lines, is a highly super-
synchronous 348 km/s. The average equatorial rotational
velocity of eight O stars, measured from HeII lines, is 173
km/s, which is still significantly super-synchronous.
4 OBSERVATIONS CONFRONT THEORY
4.1 HeI versus HeII lines’ rotation speeds: oblate
O stars
Ramı´rez-Agudelo et al. (2013) have noted that values of v.
sin i for single O stars measured from HeII absorption lines
are systematically lower than those measured from HeI lines
by 25% (see their Figure 10). They suggested that grav-
ity darkening was responsible for this systematic difference.
Rapid rotation produces equatorial centrifugal support of
stars, hence oblateness and lower surface gravity at the
equator, which is thus cooler and darker. Photospheric re-
gions closer to the poles (equators) should then contribute
more to the formation of He II (He I) lines. Projected ro-
tational velocities derived from He II lines should thus be
lower than those from HeI lines, as observed in Figure 10 of
Ramı´rez-Agudelo et al. (2013).
von Zeipel’s theorem (von Zeipel 1924) states that the
radiative flux in a uniformly rotating star is proportional
to the local effective gravity. Spectrographic observations,
constrained by interferometric measurements of rapidly ro-
tating stars show convincingly that latitudinal large tem-
perature differences exist in the rapidly rotating stars Al-
pha Leo, Alpha Aquila and Achernar (McAlister et al.
2005; Monnier et al. 2007; Domiciano de Souza et al. 2014).
In particular, Alpha Leo displays equatorial (polar) tem-
peratures of 10,314 K (15,400 K) (McAlister et al. 2005).
Achernar similarly displays equatorial (polar) temperatures
of 12,673 K (17,124 K) (Domiciano de Souza et al. 2014). A
recent review of the observations of these and other rapidly
spinning stars is given by Claret (2016). These observa-
tions demonstrate conclusively that the polar temperatures
of rapidly rotating stars can be 50% hotter than their equa-
torial temperatures.
Modern theoretical studies of gravity darkening
(Espinosa Lara & Rieutord 2011; Claret 2016) conclude
that von Zeipel’s theorem is only applicable to slowly ro-
tating stars. Espinosa Lara & Rieutord (2011) demonstrate
that latitudinal variations in the effective temperature of a
rapidly rotating star depend on the ratio of the equatorial
velocity to the Keplerian velocity. Their model demonstrates
good agreement with the above-noted observations of Alpha
Leo and Alpha Aquila. Claret (2016) obtains good agree-
ment with observed gravity darkening indices for six rapidly
rotating stars by considering optical depth effects in these
stars’ atmospheres.
While our primary goal in undertaking this obser-
vational study was to determine whether RLOF-induced,
super-synchronous rotation is seen in the O stars in WR
+ O binaries, an unexpected bonus has emerged. Our ob-
servations indicate that not only are the O stars rotating
super-synchronously, they also display large variations of ef-
fective temperature with latitude, suggesting that they may
be oblate. Since we are interested in the speeds of rotation
at the equators of our O stars, it is clear that the velocities
we derive from the HeI lines, and not those of the HeII lines
are the speeds to use.
4.2 Tides and RLOF
Mass transfer during RLOF, wherein some of the mass lost
by a donor star is accreted by its companion, is accompa-
nied by angular momentum transfer, which forces the mass
gainer to spin-up. It was demonstrated by Packet (1981)
c© 0000 RAS, MNRAS 000, 000–000
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Table 2. WR + O star binaries’ properties
System Spectral Types Period(d) M(WR+O)sin3i(M⊙) i(deg) HeI ve(km/s) HeII ve(km/s) O-star v(sync)/v(crit)(km/s)
WR 21 WN5o + O4-6 8.3 8.4 + 16.3 48 − 62 278− 331 115− 138 70/528
WR 30 WC6 + O6-8 18.8 15.4 + 31.9 78 - 90 ... 178− 182 25/818
WR 31 WN4o + O8 V 4.8 2.7 + 6.3 40 - 62 244− 336 199− 274 89/382
WR 42 WC7 + O7 V 7.9 3.7 + 6.2 38 - 44 453− 511 157− 177 66/361
WR 47 WN6o + O5 V 6.2 40 + 47 67 - 90 ... 88− 96 93/897
WR 79 WC7 + O5-8 8.9 1.8 + 4.9 34 - 45 ... 174− 220 53/321
WR 97 WN5b + O7 12.6 2.3 + 4.1 31 - 85 243− 470 146− 279 39/293
WR 113 WC8d + O8-9 IV 29.7 10.6 + 22.3 70 - 90 310− 330 170− 181 19/623
WR 127 WN5o + O8.5 V 9.6 13.4 + 23.9 55 - 90 300− 366 ... 42/697
WR 11 WC8 + O7.5 III 78.5 6.8 + 21.6 63 220 ... 9/545
WR 139 WN5o + O6 III-V 4.2 8.8 + 26.3 78.7 215 ... 151/640
Spectral Types from Crowther (2015) and de La Chevrotie`re, Moffat, & Chene´ (2011)); Mass functions and inclinations from
Lamontagne et al. (1996);
ve sin i references: This paper, except for WR 127 (de La Chevrotie`re, Moffat, & Chene´ 2011), WR 11
(Baade, Schmutz, & van Kerkwijk 1990), and WR 139 (Marchenko, Moffat, & Koenigsberger 1994)
that when the RLOF-process in a case B binary2 is quasi-
conservative, then soon after the onset of this process the
mass gainer is spun up to its critical Keplerian speed. Since
the observed rotational velocity of the O-type companions in
all 10 of the WR binaries in which it has now been measured
is super-synchronous, it is tempting to conclude that mass
transfer and spin-up have played important roles during the
progenitor evolution.
To further explore this scenario we assume that, very
soon after the RLOF process began in the binaries we now
observe, the O-type mass gainer was rotating critically. This
corresponds to Keplerian rotation speeds of∼ 530 km/s. The
average rotation speed of six O-type companions with HeI
lines in our observed binary sample is 348 km/s, close to
65% of the Keplerian value. The evolutionary timescale of a
WR star is typically of the order of a few hundred thousand
years. Thus the 348 km/s observed rotation speed means
that, even over this short timescale, tidal interactions must
be efficient, able to cause significant spin-down of the O-type
companions.
We conclude by noting that the two longest period
WR binaries in our sample (WR 113 at P= 29.7 d and
WR 11 with P = 78.5 d) each have an O-type companion
that is rotating super-synchronously, but with speeds that
are significantly below critical. We are unaware of a tidal-
synchronization theory (e.g., Hut (1981); Tassoul & Tassoul
(1996); Zahn (2013)) that is capable of explaining a possible
spin-down from critical rotation to the presently observed
super-synchronous values in binaries with such large peri-
ods.
A detailed set of massive star binary evolution mod-
els, including RLOF angular momentum transfer and tidal
braking by oblate stellar models, against which to compare
our results, is lacking in the literature. Detailed models and
population synthesis simulations confronting the observa-
2 A case B binary has an initial orbital period such that RLOF
starts while the mass loser is hydrogen-shell burning, i.e. prior to
core helium burning. The periods of such binaries range between
about 10 days and 1000 days.
tions reported here will be published in a separate paper
(Vanbeveren et al. 2016).
5 CONCLUSIONS
WR + O binaries may be progenitors of ultra-luminous
supernovae, long-duration gamma-ray bursts and BH-BH
mergers. Theory predicts that the O stars in WR + O bi-
naries must have accreted significant amounts of angular
momentum during RLOF from their companions. Only two
O stars in WR+O binaries have previously published, mea-
sured values of v. sin i, and one other has a rough estimate.
We report new v. sin i measurements for 8 O stars in WR
+ O binaries. Using the literature values of i we then find
the average equatorial rotational value of 348 km/s for 6 O
stars, ranging from 237 to 482 km/s, from HeI lines. These
values are highly super-synchronous. The observed super-
synchronicity is in qualitative agreement with the predic-
tions of short period, massive binary evolution models which
include angular momentum transfer during RLOF and tidal
braking afterwards. However, the super-synchronous nature
of the two longest period binaries is a challenge to current
tidal braking theory. We also find that the rotation rates
of O stars in WR + O binaries, measured from HeI lines,
are on average twice as large as those measured from HeII
lines. We conclude that we are observing gravity darkening
in these O stars, and predict that they are oblate.
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Figure 3. (Top) The HeI 4922 absorption line of WR 21 on 08
May 2015. (Second from Top) Same as above but on 24 May 2015.
(Third from Top) The HeII 4541 absorption line of WR 21 on 08
May 2015. (Bottom) The HeII 4541 absorption line of WR 21 on
24 May 2015
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Figure 4. The HeII 4541 absorption line of WR 30 on 08 May
2015.
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Figure 5. (Top) The HeI 4922 absorption line of WR 31 on 08
May 2015. (Bottom) The HeII 4541 absorption line of WR 31 on
08 May 2015.
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Figure 6. (Top) The HeI 4922 absorption line of WR 42 on 08
May 2015. (Bottom) The HeII 4541 absorption line of WR 42 on
08 May 2015.
REFERENCES
Abbott B. P., et al., 2016, PhRvL, 116, 241102
Astropy Collaboration, et al., 2013, A&A, 558, A33
Baade D., Schmutz W., van Kerkwijk M., 1990, A&A, 240,
105
Blaauw A., 1961, BAN, 15, 265
Brott I., et al., 2011, A&A, 530, A116
Claret A., 2016, A&A, 588, A15
Craig M. W., et al., 2015, ascl.soft, ascl:1510.007
Crause L. A., et al., 2014, SPIE, 9147, 91476T
Crawford, S. M., Still, M., Schellart, P., et al., 2010, SPIE,
7737, 773725
Crawford, S. M., and Craig, M. 2015, Astrophysics Source
Code Library, submitted.
Crawford, S. M., 2015, Astrophysics Source Code Library,
submitted.
Crowther P. A., 2015, arXiv, arXiv:1509.00495
de La Chevrotie`re A., Moffat A. F. J., Chene´ A.-N., 2011,
MNRAS, 411, 635
de Mink S. E., Langer N., Izzard R. G., Sana H., de Koter
A., 2013, ApJ, 764, 166
Domiciano de Souza A., et al., 2014, A&A, 569, A10
Dufton P. L., et al., 2013, A&A, 550, A109
Espinosa Lara F., Rieutord M., 2011, A&A, 533, A43
Ekstro¨m S., et al., 2012, A&A, 537, A146
Georgy C., Meynet G., Walder R., Folini D., Maeder A.,
2009, A&A, 502, 611
Heger A., Langer N., 2000, ApJ, 544, 1016
4530 4535 4540 4545 4550
Wavelength (Å)
0.90
0.92
0.94
0.96
0.98
1.00
1.02
1.04
Fr
a
ct
io
n
 o
f 
co
n
ti
n
u
u
m
WR47
2015-05-22
4905 4910 4915 4920 4925 4930 4935
Wavelength (Å)
0.90
0.92
0.94
0.96
0.98
1.00
1.02
1.04
Fr
a
ct
io
n
 o
f 
co
n
ti
n
u
u
m
WR47
2015-05-21
Figure 7. (Top) The HeII 4541 absorption line of WR 47 on 22
May 2015. (Bottom) The HeI 4922 absorption line of WR 47 on
21 May 2015
Hirschi R., Meynet G., Maeder A., 2004, A&A, 425, 649
Howarth I. D., Siebert K. W., Hussain G. A. J., Prinja
R. K., 1997, MNRAS, 284, 265
Hut P., 1981, A&A, 99, 126
Kushnir D., Zaldarriaga M., Kollmeier J. A., Waldman R.,
2016, MNRAS, 462, 844
Lamontagne R., Moffat A. F. J., Drissen L., Robert C.,
Matthews J. M., 1996, AJ, 112, 2227
Maeder A., Meynet G., 2000, A&A, 361, 159
Ma´ız Apella´niz J., Alfaro E. J., Sota A., 2008, arXiv,
arXiv:0804.2553
Marchenko S. V., Moffat A. F. J., Koenigsberger G., 1994,
ApJ, 422, 810
Martins F., Schaerer D., Hillier D. J., 2005, A&A, 436, 1049
Mason B. D., Gies D. R., Hartkopf W. I., Bagnuolo W. G.,
Jr., ten Brummelaar T., McAlister H. A., 1998, AJ, 115,
821
Mason B. D., Hartkopf W. I., Gies D. R., Henry T. J.,
Helsel J. W., 2009, AJ, 137, 3358
Massey P., 1981, ApJ, 244, 157
McAlister H. A., et al., 2005, ApJ, 628, 43
Moffat A. F. J., 2008, IAUS, 250, 119
Monnier J. D., et al., 2007, Sci, 317, 342
Nieva M.-F., Przybilla N., 2012, A&A, 539, A143
Packet W., 1981, A&A, 102, 17
Penny L. R., 1996, ApJ, 463, 737
Petrovic J., Langer N., van der Hucht K. A., 2005, A&A,
435, 1013
Pu¨rrer M., HannamM., Ohme F., 2016, PhRvD, 93, 084042
Ramı´rez-Agudelo O. H., et al., 2013, A&A, 560, A29
c© 0000 RAS, MNRAS 000, 000–000
O star spin rates 9
4530 4535 4540 4545 4550
Wavelength (Å)
0.90
0.92
0.94
0.96
0.98
1.00
1.02
1.04
Fr
a
ct
io
n
 o
f 
co
n
ti
n
u
u
m
WR79
2015-05-08
4530 4535 4540 4545 4550
Wavelength (Å)
0.90
0.92
0.94
0.96
0.98
1.00
1.02
1.04
Fr
a
ct
io
n
 o
f 
co
n
ti
n
u
u
m
WR79
2015-05-21
4530 4535 4540 4545 4550
Wavelength (Å)
0.90
0.92
0.94
0.96
0.98
1.00
1.02
1.04
Fr
a
ct
io
n
 o
f 
co
n
ti
n
u
u
m
WR79
2015-05-22
Figure 8. (Top) The HeII 4541 absorption line of WR 79 on 08
May 2015. (Middle) Same as above but on 21 May 2015. (Bottom)
Same as above but on 22 May 2015.
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Figure 9. (Top) The HeI 4922 absorption line of WR 97 on 12
May 2015. (Second from Top) Same as above but on 13 June
2015. (Third from Top) The HeII 4541 absorption line of WR 97
on 12 May 2015. (Bottom) The HeII 4541 absorption line of WR
97 on 13 June 2015.
c© 0000 RAS, MNRAS 000, 000–000
10 M. Shara et al.
4905 4910 4915 4920 4925 4930 4935
Wavelength (Å)
0.90
0.92
0.94
0.96
0.98
1.00
1.02
1.04
Fr
a
ct
io
n
 o
f 
co
n
ti
n
u
u
m
WR113
2015-05-24
4905 4910 4915 4920 4925 4930 4935
Wavelength (Å)
0.90
0.92
0.94
0.96
0.98
1.00
1.02
1.04
Fr
a
ct
io
n
 o
f 
co
n
ti
n
u
u
m
WR113
2015-06-07
4530 4535 4540 4545 4550
Wavelength (Å)
0.90
0.92
0.94
0.96
0.98
1.00
1.02
1.04
C
o
u
n
ts
WR113
2015-05-24
4530 4535 4540 4545 4550
Wavelength (Å)
0.90
0.92
0.94
0.96
0.98
1.00
1.02
1.04
Fr
a
ct
io
n
 o
f 
co
n
ti
n
u
u
m
WR113
2015-06-07
Figure 10. (Top) The HeI 4922 absorption line of WR 113 on
24 May 2015. (Second from Top) Same as above but on 07 June
2015. (Third from Top) The HeII 4541 absorption line of WR 113
on 24 May 2015. (Bottom) The HeII 4541 absorption line of WR
113 on 07 June 2015.
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